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Abstract
Thin films of tungsten disulfide (WS2) were deposited on 3Cr13 martensitic stain less steel substrate by RF sputtering. The as-
deposited films were annealed at 200,400 and 600ć for 2h in vacuum. The vacuum degree was 5h10-4Pa. Composition, surface 
morphology, structure properties and tribological behavior were studied by EDS, SEM, X-ray diffraction techniques and 
tribometer, respectively. At 200ć, the films showed low crystallization structure and the tribological behavior was not improved 
obviously. But at 400ć, the films tribological behavior were improved obviously and non-crystalline to hexagonal structural 
transition appeared. When annealing temperature rose to 600ć , the films were desquamated from substrate. The results 
suggested that suitable vacuum annealing was able to promote crystallization and improve tribological performance of RF 
sputtering WS2 films.
PACS: 68.03.Hj; 62.20.Qp; 81.40.Ef
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1. Introduction
Transition metal dichalcogenides are layered semiconductors [1]. They have been extensively studied in the form 
of thin films for their potential applications in photovoltaic solar cells [2,3]. These are layered compound 
semiconductors and crystallize in the hexagonal form P63/mmc. Each layer consists of metal layer sandwiched 
between two chalcogen layers in a trigonal prismatic structure. They exhibit in-plane strong covalent bonds between
the metal and chalcogen atoms and weak van der Waals type interactions between the layers. In recent decade, some
transition metal dichalcogenides, such as tungsten disulphide and molybdenum disulfide, are well known for their 
solid lubricating behavior [4-9] and used for solid lubricants due to their extreme degree of anisotropy of the layered 
crystal structures. Under a shearing force the basal planes slide back and forth over one another by intracrystalline 
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slip and transfer to the rubbing counterface. These mechanisms for imparting low friction have already been studied 
and reported in the literatures[10]. As a late-model excellent solid lubrication films tungsten disulfide films 
performance is better than classical molybdenum disulfide films in some aspect. So the tribological behavior of WS2
films has been paid more and more attention. Although the WS2 thin films have been carried out by many workers 
by different techniques[11-20], there are very few reports in the literature on the effect of annealing of WS2 films. So 
it’s worthwhile to study the effect of annealing on the tribological behavior of WS2 thin films. In this paper the 
effects of vacuum annealing on surface morphology, structural and tribological properties of WS2 thin films are 
reported.
2. Experimental details
Thin films of WS2 were deposited on 3Cr13 martensite restless steel without heating substrates by r.f. magnetron 
sputtering using Ar (99.99% pure). Before the gas entrance, a pressure of 4h10-4 Pa was obtained in the sputtering 
chamber by using a turbo molecular pump. The Ar gas was then introduced. The sputtering pressure was equal to 
1Pa. The target (6 cm in diameter) was prepared with pure WS2 powder by chill-pressing. The distance between the 
substrates and the target was 9 cm and the r.f. power was 50 W. The deposition time was 2 hours. After deposition, 
the samples were annealed at 200,400 and 600ć for 2h in 5h10-4Pa vacuum.
The elemental composition was determined using energy dispersive spectrograph analysis (EDS). Structural
study was carried using X-ray diffraction with Cu .Į(¬= 1.5406 Å ) radiation in the 2©range from 10eto 80e.
The surface morphology of the films was studied using scanning electron microscope (SEM). The film thickness
was measured by surface topography instrument (HW-T6000).The bond strength between films and substrate was 
measured by automatic scarificator (WS-2002). Loading speed was 100N/min and testing load was 100N. Frictional 
coefficient was tested by micro friction gauge (UMT-2).The friction pair were composed by samples and GCr15 
steel ball which hardness was 61HRC. Testing load was 500mN and running speed was 5mm/s.Testing time was 10 
minutes.
3. Results and discussion
3.1 Compositional study
Fig. 1 shows a representative EDS pattern of WS2 thin film deposited by r.f. magnetron sputtering. Strong peaks for 
W and S were found in the spectrum at 1.81 and 2.33 keV. The atomic mass (at%) of W and S in WS2 thin film were 
28.98 and 50.14. The chemical constitution namely S/W ratio was 1.83. The chemical constitution of WS2 thin film
deposited by r.f. sputtering was usually less-than 2. Because of the loss of element S in sputtering process was
inevitable. After vacuum annealing the samples’ S/W ratio was not change obviously. The S/W ratio of samples 
with vacuum annealing was usually in the range of 1.7 to 1.8. So this result showed that the influence of vacuum
annealing on chemical constitution was not obvious.
Fig. 1 Energy dispersive spectrum of r.f. sputtering WS2 films
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3.2 Surface morphological study
Fig. 2 shows the SEM images of WS2 thin films with and without vacuum annealing. It is observed that the surface 
morphological of WS2 thin films deposited on 3Cr13 martensite restless steel by r.f. sputtering without vacuum 
annealing is smooth, compact and homogeneous. But the crystallization organization of WS2 thin films was not 
found in the SEM image. Fig.2(b) shows the SEM images of WS2 thin films annealed at 200ć for 2h in vacuum,
which was similar to the image of WS2 thin films without vacuum annealing but bubble in films was increased. At
200ć,the films also showed low crystallization structure. Fig.2(c) shows the SEM images of WS2 thin films 
annealed at 400ć for 2h in vacuum. It is observed that surface morphological of WS2 thin films annealed at 400ć
for 2h in vacuum was much different from other samples. Some microcrystallites were found in films. It is conclude
that when annealing temperature rose to 600ć, the non-crystalline films appeared crystallization. Then the gas 
cavity in films was increased and the roughness of the films decreased. It was caused of free volumes variation in 
atom diffusion process of film crystallization. When annealing temperature rose to 600ć , the films were 
desquamated from substrate because of stresses variation.
Fig.2 The SEM images of WS2 thin films with and without annealing (a) without vacuum annealing;
(b) with vacuum annealing at200ć; (c) with vacuum annealing at400ć; (d) with vacuum annealing at600ć
3.3 Structural study
The structural of WS2 thin film was determined by the X-ray diffraction technique. None WS2 diffraction peaks 
were observed for the sample without vacuum annealing and weak intensity of peaks were observed for vacuum 
annealed films at 200ć. This indicates the structure of WS2 thin film without vacuum annealing and annealed at 
200ć were amorphous state. The XRD spectrum of the sample annealed at 400ć was showed in Fig.3. WS2
diffraction peaks were observed in (002) and (103) planes that inferred the WS2 thin film annealed at 400ć in 
vacuum comprised good number of crystallites having the same orientation axis. The high intensity of diffraction 
pattern confirmed the improvement in crystallinity of the film after 400ć vacuum annealing. The (002),(100),(103)
planes present at 14.29e, 32.7eand39.6eindicated the dominant hexagonal phase formation of WS2 thin film with 
400ć vacuum annealing. Hence, it is concluded that the films annealed at 400ć showed amorphous state to 
hexagonal phase transformation. Some research showed that in non crystalline structure the dimension of shortrange 
order atomic group could be effect crystal process obviously. The more dimension of shortrange order atomic group, 
the lower temperature of crystal process. But about the effects of vacuum annealing on thin films’ structure need 
more research.
(a) (b)
(c) (d)
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Fig.3 The XRD pattern of WS2 films with 400ć vacuum annealing
3.4 Tribological study
The bond strength between films without vacuum annealing and substrate was tested automatic scarificator. The 
critical load Lc was 27.5N. The critical load Lc of the sample annealed at 400ć was 32.7N. It is higher than the 
sample without annealing. It considered currently that the bond strength between films and substrate was affected by 
internal stress. When the sample annealed at 400ć, the internal stress was slack, so the bond strength between films
and substrate was increased. But excessively annealing temperature could make films embrittlement and scaling 
from substrate.

Fig.4 Variation of the frictional coefficient and grinding crack pattern of the samples with and without annealing (a) the frictional coefficient of 
the sample without vacuum annealing; (b) grinding crack pattern of the sample without vacuum annealing; (c) the frictional coefficient of the 
sample with400ć vacuum annealing;(d) grinding crack pattern of the sample with400ć vacuum annealing.
The Fig.4 shows the variation of the frictional coefficient and grinding crack pattern of the samples with and without 
vacuum annealing. The frictional coefficient of 3Cr13 martensitic stain less steel is 0.92. Fig.4 (a) shows the 
variation of the frictional coefficient of the sample without vacuum annealing. The average frictional coefficient is 
0.07 and frictional coefficient curve is undulatory a little in 600 seconds, but no exquisite variety. It indicated
tribological performance of 3Cr13 martensitic stain less steel was improved by RF sputtering WS2 films. Then after 
(a) (b)
(c) (d)
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frictional coefficient testing we can find a little part of film was slough from substrate. Fig.4 (c) shows the variation 
of the frictional coefficient of the sample with 400ć vacuum annealing. The average frictional coefficient is 0.06. It 
is smaller than without vacuum annealing sample’s. In first 100 seconds the tribological behavior was not stabile.
After the first 100 seconds the frictional coefficient reduced. According to observe grinding crack pattern, we can 
find the sample with 400ć vacuum annealing after tribological behavior testing although grinding crack was deep 
but WS2 film was not slough from substrate. So it concluded that suitable vacuum annealing was able to improve
tribological performance of RF sputtering WS2 films on 3Cr13 martensitic stain less steel.
4. Conclusions
Good quality amorphous WS2 thin films can be deposited on 3Cr13 martensitic stain less steel by an RF 
sputtering. suitable vacuum annealing was able to promote crystallization and improve tribological performance of 
RF sputtering WS2 films. But sometimes excessively high annealing temperature could make films embrittlement 
and scaling from substrate. When annealing temperature was 400ć, the films tribological behavior were improved 
obviously and non-crystalline to hexagonal structural transition appeared.
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